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Analysis of Dispersion and Series Gap Discontinuity
in Shielded Suspended Striplines with Substrate
Mounting Grooves

Lin-Kun Wu, Member, IEEE, and Horng-Ming Chang

Abstract—Dispersion and series gap discontinuity of shielded
suspended striplines (SSL’s) on Duroid substrate (s, = 2.22)
are analyzed using the finite-difference time-domain method
(FD-TD). Numerical accuracy of better than 0.15% is achieved
when the FD-TD is used to calculate the effective dielectric con-
stant (£,.q) of an air-filled rectangular coaxial transmission line.
Data obtained for the frequency-dependent ¢4 of uniform
SSL’s, and both scattering and equivalent circuit parameters
of various series gap discontinuities, are then presented. In
general, presence of sidewall mounting grooves causes a nearly
frequency-independent small reduction in £.4. On the other
hand, proximity effects of the housing are found to be more
important. It is demonstrated that: 1) for a given housing, &4
decreases first with an increase in strip width before increasing
again when strip is wider enough to interact strongly with the
sidewalls and 2) reducing sidewall spacing causes an increase
in &.g. For the gap discontinuity, coupling across the gap is
stronger for wider strips and/or narrower gap width. Irregular
transmission behavior is also found when strip is wide enough
to interact strongly with the sidewalls.

I. INTRODUCTION

HIELDED suspended striplines (SSL’s) have found

increasing uses in the design of integrated circuit com-
ponents in the millimeter-wave region because of their low
attenuation, weak dispersion, and small effective dielec-
tric constant [1]-[4]. Although the SSL’s can be treated
in a unified manner as strip transmission lines containing
multiple layers of dielectric materials, a literature search
reveals only a relatively limited amount of information on
SSL’s.

Frequency-dependent dispersion characteristics of uni-
form SSL’s placed in a shielding waveguide have been
analyzed in [5]-[7]. Discontinuities including single and
parallel-coupled open end(s), and asymmetrical series
gap, in a shielded SSL were analyzed in [8] and [9]. In
practical use, however, the substrate of the SSL is sup-
ported mechanically with grooves in the sidewalls of the
shielding waveguide. An analytical model for the calcu-
lation of the cutoff frequency of the TE, type of wave-
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guide mode in shielded SSL with mounting grooves is
given in [10]. It is shown that the increasing groove depth
lowers the TE,, cutoff frequency. In [11], the effects of
the sidewall grooves on the wavelength reduction factor
N/ N (or the effective dielectric constant e,.q) and char-
acteristic impedance Z, of SSL’s are analyzed within the
TEM-wave approximation. It is found that groove effects
can be significant for a shallow groove.

In this paper, dispersion and series gap discontinuity in
shielded SSL’s are characterized by the finite-difference
time-domain method (FD-TD) [12]. The method used here
evolves from the FD-TD method developed initially for
the analysis of open microstrip problems [13], [14] and
modified more recently for the analysis of shielded mi-
crostrip (with grounded substrate) problems [15]. With the
suspension of substrate, a slight change in the spatial dis-
tribution of the excitation waveform is needed. In the fol-
lowing, a brief summary of the FD-TD method employed
will be given first. Accuracy of the FD-TD is then verified
by determining the ¢, of an air-filled rectangular coaxial
transmission line (RCTL). Numerical results are then pre-
sented for various uniform SSL’s and SSL’s with series
gap discontinuity. Effects of mounting grooves are ex-
amined along the way.

II. SUMMARY OF THE METHOD OF ANALYSIS

Consider the cross-section view of the shielded SSL
with sidewall mounting grooves shown in Fig. 1. The
substrate with thickness h, and dielectric constant ¢, is
suspended at a height of 4, above the bottom wall of the
shielding waveguide. The strip, assumed to be a zero-
thickness perfect conductor of width w, is centered be-
tween the two sidewalls. The shielding waveguide has a
width & and height a, and both mounting grooves have a
depth of d and height h,. For the dispersion properties to
be examined, the entire structure extends uniformly into
infinities along both +z direction. In the case of series
gap discontinuity shown in Fig. 2(a), a gap of width g is
introduced in the strip pattern. By setting 4, and d to 0,
the SSL shown in Fig. 1 becomes a shielded microstrip
[15]. Numerical experiments have confirmed the FD-TD
method used in [15] is also applicable to the SSL includ-
ing sidewall mounting grooves. Therefore, only a brief
summary of the FD-TD method is described here.
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Fig. 1. Cross section of a shielded suspended stripline with sidewall
mounting grooves.

Fig. 2. (a) Top view of the series gap discontinuity in a shielded SSL
(sidewall mounting grooves are removed), and (b) its equivalent
w-network.

To characterize the dispersion and gap discontinuity of
SSL’s, propagation of a Gaussian pulse through appro-
priate SSL structure is simulated using the FD-TD. Fol-
lowing the space and time discretizations of the electric
and magnetic field components, the FD-TD equivalents
of the Maxwell’s curl equations are then used to update
the spatial distributions of the electric and magnetic field
components at alternating half time steps as time marches
on [12], [14]. The spatial cell size, measured (dx, dy, dz)
along the x-, y-, and z-direction, is chosen small enough
to model the fine structural details and/or field variations.
Courant stability criterion [16] is then followed in the se-
lection of the temporal sampling interval to ensure nu-
merical stability.

In contrast to the case of a shielded microstrip with
grounded substrate, the source distribution used for the
SSL is modified to take into account the discontinuity ex-
perienced by the vertical electric field, E,, when crossing
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the dielectric-air interface at the plane of excitation (say,
z = 0). Specifically speaking, in the region between the
strip and the bottom waveguide wall, the excitation source
is composed of E,’s with the following space-time distri-
bution

s@, - h =x
s/e, 0

for(d —w)/2 =y =< (b+ w)/2. In(1), s(¢) is a Gauss-
ian pulse given by

s(t) = exp [—(t — 6)*/T"] 2)

where T is chosen such that only the dominant (quasi-
TEM) mode is propagating in the SSL, and ¢, is selected
for smooth turn-on and turn-off of the excitation pulse. It
is noted that the value of the signal voltage at a frequency
of f, = 1/2T is only 8.5% that of the peak at dc. Finally,
to complete our specifications of the space-time distribu-
tions of the excitation, E,’s elsewhere in the plane of z =
0 are calculated using the magnetic wall source condition
of [17]. :

The exact boundary conditions are enforced at the per-
fectly conducting housing walls and the strip conductor,
over which only the tangential electric-and/or normal
magnetic-field components are sampled and set to zero at
all time steps. For the update of tangential electric field
components sampled at the two air-dielectric interfaces,
average permittivity between the two (i.e., eo(e, + 1)/2
is used in the FD-TD equations. In this way, field conti-
nuity condition at the interface is satisfied [14]. Finally,
the super-absorbing boundary condition [18] is employed
to terminate the FD-TD lattice at the planes of z = 0 and
N, dz(N, is the number of cells in z-axis).

To determine the frequency-dependent ¢,q, time wave-
forms of E,’s sampled at half cell below the center of the
strip are recorded at several points along the direction of
wave propagation (i.e., z-axis). These waveforms are then
fast Fourier transformed to obtain the corresponding pulse
spectra, which are denoted as E,(z;,, w) with z; being the
ith sampling point. For frequency below the onset of the
first higher-order waveguide mode, the dominant quasi-
TEM mode is characterized by a frequency-dependent
phase constant ((w) or effective dielectric constant
€, (w), which can be determined as follows

¢))

<h th
=X hl

<

Ex,y: 1) = {

Ez=z+ L w
E(z; w)

where L is the distance between two arbitrary sampling

points and
B(w) = wV poegrest(w). )]

Equations (3) and (4) are repeated for each of several pos-
sible pairs of E,(z;, w)’s, from which converged data are
extracted.

Since the series gap discontinuity shown in Fig. 2(a) is
a symmetrical two-port network, only the reflection and
transmission coefficients associated with the wave inci-
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dent from the left-hand side of the structure, i.e., S;; and
S>1, need be determined. In this case, spectra of the in-
cident, reflected, and transmitted voltage waveforms (de-
noted as Vi, (w), Viq(w), and V,,,(w)) are determined first.
Each of these is obtained by integrating over the corre-
sponding E,’s underneath the center of the strip. In this
study, Vio.(w) and V,q(w) are observed at Z' and V,,,(w)
is recorded at z” as shown in Fig. 2(a) which are away
from the input and output sides of the gap (i.e., 7' and
T") to avoid the irregular field behaviors near the gap.
The actual spacings needed are determined as part of spa-
tial convergence test during each calculation. For the time
being, these spacings are simply denoted as L, and L,,
respectively. Given these, the desired S parameters can
be computed from

Vealw, ) .
Sutw) = S exp (26 (5)
and
l/lmns > " .
Sutw) = 2=ED exp BT + L) (G

These are then used to calculate the coupling and fringing
capacitances C, and C, of the equivalent 7-network model
of the series gap discontinuity shown in Fig. 2(b)

. 25,
CZy = —=u
Jolds = T3 s - 8% ©
and
— g2 2

(1 + 8" - 8%

where Z, is the characteristic impedance of the uniform
line calculated as the voltage-current ratio. It is noted that
since these structures are consisted of perfect dielectric
and conductor, and only quasi-TEM mode propagates
within the frequency range considered, they can be char-
acterized as lossless, symmetric, and reciprocal two-port
networks. As such, our data are found to obey the power
conservation law of |S;|*> + |S;|*> = 1 and symmetry
relation of ¢, = ¢, + 90° (with ¢;; < 0°) [19]. There-
fore, for simplicity, only the amplitude and phase of S,
are presented.

III. RESULTS AND DISCUSSIONS

In this section, results of: 1) the effective dielectric
constant of an air-filled RCTL, 2) dispersive properties of
uniform SSL’s and 3) scattering behaviors of series gap
discontinuity in SSL’s obtained by the FD-TD are dis-
cussed. For the results to be presented, the strip width (w)
and groove depth (d) are allowed to be varied while the
structural parameters of A; = A; = 10 mil, A, = 5 mil, a
= 25 mil, b = 50 mil, and €, = 2.22 are used in all cases
except for the data shown in Fig. 5 for which b = 25 mil
is used instead.

A. Effective Dielectric Constant of an Air-Filled RCTL

In the absence of dielectric substrate (i.e., €, = 1) and
mounting grooves (i.e., d = 0), the structure shown in
Fig. 1 becomes an air-filled RCTL, which is also known
as TEM cell in EMC community [20]. Given that the strip
is immersed in air dielectric and single TEM mode of op-
eration is achieved, the wave will travel at the speed of
light in the RCTL and ¢,z = 1 should be obtained from
dc to just below the cutoff frequency of the first higher-
order waveguide mode.

Gaussian pulses having f,’s of 40-, 60-, and 80-GHz
are used in the FD-TD simulations. Results of ¢, thus
determined are displayed in Fig. 3. In general, results ob-
tained for the pulse having f, = 60 GHz are the best. The
calculated e,.gincreases slightly from a value of 1 at dc to
about 1.0015 at 80 GHz for a maximum error of 0.15%.
The increasing e, predicted is in accordance with the be-
havior of numerical dispersion inherent in the FD-TD.

For f, = 40 GHz, data appear to fluctuate when fre-
quency exceeds about 50 GHz. Since power contained in
this portion of the pulse spectrum is small, its accuracy is
obviously more vulnerable to the inevitable numerical
noises (e.g., discretizations and round-off). On the other
hand, with f, = 80 GHz, the high end of pulse spectrum
approaches, and actually extends beyond, the cutoff of the
first higher-order mode. The propagating higher-order
mode is characterized by having a phase velocity exceeds
that of the speed of light. Two problems arise are: 1) sta-
bility criterion may be violated, and 2) when present, it
is not accounted for in (3) (which assumes only quasi-
TEM mode propagation). As a consequence, noisy data
set obtained with this interrogating pulse is expected. This
exercise indicates that Gaussian pulse with f, = 60 GHz
may be used for the determination of the properties of
SSL’s.

B. Dispersion in Uniform Shielded SSL

Effects of grooves on the dispersive properties of uni-
form SSL’s are examined first. Rectangular cells, each
having sidelengths of dx = dy = a/15 and dz = a/7.5
= 2dx, are found to yield results with better than 1% con-
vergence.

In Fig. 4, €,y calculated for uniform SSL’s with w/b
=0.8and d/b = 0and 0.1 are displayed. It is found that
reduction in €,y due to grooves with d/b = 0.1 are less
than 1% over the frequency range considered. Although
not shown, results obtained for groove depth >0.1 b are
essentially identical to those ford/b = 0.1. Fig. 5 further
compares the wavelength reduction factor A/\, (or,
1 /Ve,eq) for varying groove depths of 0 < d/b < 0.4 as
calculated by the FD-TD and [10] at dc for two uniform
SSL’s with w/b = 0.2 and 0.7. In this particular exam-
ple, as mentioned earlier, a square housing of 25 X 25-
mil is considered. In the FD-TD, static data are derived
by extrapolating such frequency-dependent data as shown
in Fig. 4 back to dc. As can be seen, for both SSL’s, N /Ny
increases first (i.e., €. decreases) when d/b increases
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Fig. 3. Effective dielectric constant of an air-filled RCTL determined us-
ing Gaussian pulses having f, = 40-, 60-, and 80 GHz.
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Fig. 4. Eftects of sidewall mounting grooves on ¢,q(w) for SSL’s with
w/b =0.8,d/b =0and0.1. (a = 25 mil, b =~ 50 mil, A, = 5 mil).
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Fig. 5. Wavelength reduction factor A /N versus groove depth calculated
for SSL’s with w/b = 0.2 and 0.7 at dc. (@ = 25 mil, b = 25 mil, h, =
5 mil).

from O to about 0.2 and remains constant afterwards. The
maximum hike in N/X is 0.4% when w/b = 0.2 and
1.2% when w/b = 0.7. The larger deviation in \/)\g
found for the SSL with wider strip is mainly due to its
closer proximity and, therefore, strongei interaction with
the groove. Finally, Fig. 5 shows that our data agree to
within 0.12% (in A/)\g) of those of [10], which further
confirms the accuracy of the FD-TD.
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Fig. 6. Effective dielectric constant calculated for SSL’s with w/b = 0.2,
0.4, 0.6 and 0.8 in the absence of grooves. (a = 25 mil, b = 50 mil, h,
= 5 mil).

Fig. 6 summarizes €, calculated for SSL’s with w/b
= 0.2, 0.4, 0.6, and 0.8 and d/b = 0. In general, €,
increases as frequency gets higher. It shows that €,.4 de-
creases first when w /b increases from 0.2 to 0.6 but in-
creases again when strip width becomes 0.8b. It is inter-
esting to note that e,q increases with strip width in the
case of microstrip with grounded substrate. For w < 0.6b,
widening in the strip width apparently causes more fields
to be spread into the air region such that decreasing ¢,
are observed in Fig. 6. At w/b = 0.8, the strip edge is
now closer to the sidewall (at a spacing of 0.1b or, 0.2a)
than to the top/bottom walls. More field lines will now
reach the sidewall through the substrate, an increase in
€, is thus expected. Similarly, with a smaller sidewall
spacing of b = 25 mil, larger static e.q’s are observed
for the two SSL’s considered in Fig. 5 than those of the
four SSL’s shown in Fig. 6 (which are derived for b =
50 mil).

C. Scattering from Series Gap Discontinuity in Shielded
SSL

In this subsection, effects of grooves are investigated
first. Coupling and fringing capacitances calculated for
SSL’s with w/b = 0.8, g = 1dz = b/15,andd/b = 0
and 0.1 are shown in Fig. 7. Since results obtained for
the grooves with d/b = 0.1 (and deeper ones) are almost
identical to the cases without grooves, effects of grooves
may be ignored. Thus d/b is set to zero in the results to
be presented next. Fig. 7 further shows that both capaci-
tances are nearly frequency-independent. Therefore, only
the extrapolated static capacitance values will be quoted
for the structures to be presented later.

In Fig. 8, frequency variations of S, are plotted for
SSL’s withw/b =0.4and g/dz = 1,2,3,4, and 9 (1dz
=a/7.5=5b/7.5 = b/15). As expected, |5,| decreases
with increasing gap width but increases with frequency.
On the other hand, ¢,, with increasing gap width but de-
creases with frequency. In the order of increasing gap
width, the static values of C, (1073 pF) are 12.38, 6.76,
4.23, 2.76, and 0.36, and the corresponding C,’s (107>
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Fig. 7. Effects of sidewall mounting grooves on the coupling and fringing
capacitances of SSL with w/b = 0.8 and g = 1dz = b/15. (a = 25 mil,
b = 50 mil, h, = 5 mil).
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Fig. 8. Amplitude and phase of S,, obtained for SSL’s with w/b = 0.4
and g/dz = 1,2,3,4,and 9. (@ = 25 mil, b = 50 mil, h, = S mil, d/b
=0, ldz = b/15.)

pF) are 2.51, 4.43, 5.87, 6.93, and 9.02; which show
that C, decreases while C, increases as gap widens. For
practical purposes, the gap with g = 9dz may be consid-
ered to approach an open-end discontinuity.

Next, we consider the frequency dependencies of S,
for SSL’s with w/b = 0.2, 0.4, 0.6, and 0.8 and g =
2dz. Fig. 9 depicts that |S,,| increases and ¢,, decreases
as frequency increases. Similar to the behavior of .4
shown in Fig. 6, |S,,| increases and ¢,; decreases first
when w/b increases from 0.2 to 0.6, but the trend re-
verses as w increases to 0.8b. In this later case, the spac-
ing between the edge of the strip and the sidewall is
smaller than the gap width. It appears then that the ap-
proaching sidewalls may have attracted part of the energy
that’d have been coupled across the gap in the cases of
narrower strip. However, when the characteristic imped-
ance is taken into account (which, over the w/b range
considered here, decreases as strip width increases), both
C, and C, are found to increase monotonically (but not
linearly) with increasing strip width. In the order of in-
creasing strip width, the static values of C, (10™* pF) are
3.80, 6.76, 9.52, and 11.78, and the corresponding C,’s
(1073 pF) are 2.97, 4.43, 5.95, and 7.87; which show
that both capacitances increases as strip gets wider.

283
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Fig. 9. Amplitude and phase of S,, obtained for SSL’s with w/b=0.2,
0.4, 0.6, and 0.8 and g = 2dz. (@ = 25 mil, b = 50 mil, h, = S mil, d/b
=0, 1dz = b/15.)

TABLE 1
COMPARISONS OF EQUIVALENT CIRCUIT PARAMETERS OBTAINED FOR SERIES
GAP DISCONTINUITIES IN SSL’s AND MICROSTRIP LINES WITH g /dz = 1 AND
2: (a) Cg AND (b) C, (@ = 25 mil, b = 50 mil, &, = 5 mil, d/b =0,
w/d = 0.4, 1dz = b/15)

C,(107* pF) C,(1073 pF)
g=1dz g=2dz g=1dz g =2dz
SSL 12.38 6.76 2.51 4.89
Microstrip 8.92 3.71 4.43 7.88

Finally, Table I compares the static values of C, and
C, calculated for two SSL’s with w/b = 0.4 and g /dz =
1 and 2 to the corresponding cases of microstrip gap dis-
continuity having the same housing size and substrate
thickness. It is found that for a given gap width, SSL ex-
hibits lower fringing capacitance and higher coupling ca-
pacitance than the corresponding microstrip line. The
smaller C, observed for the SSL is apparently due to the
presence of the air gap below the substrate.

IV. CONCLUSION

Dispersion and series gap discontinuity of shielded
SSL’s using low dielectric constant Duroid substrate (e,
= 2.22) are analyzed with the FD-TD. In general, pres-
ence of sidewall mounting grooves causes only a slight
decrease in the ¢,.4 for uniform SSL’s and an insignificant
amount of change in the equivalent circuit parameters for
the series gap discontinuity. Therefore, for practical pur-
poses, they may be ignored.

It is found that, for a given housing, €, decreases first
with an increase in strip width before increasing again
when strip is wider enough to interact strongly with the
sidewalls. In addition, for the two housings considered,
almost 10% larger ¢,.¢’s are observed for the housing with
smaller sidewall spacings. Since small housing size is
necessary for the SSL to operate in quasi-TEM mode up
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to mm-wave frequencies, the above observations suggest
that proximity effects should be fully considered in the
circuit design process. Finally, for the gap discontinuity,
stronger coupling across the gap is found as expected for
wider strips and/or narrower gap width. Irregular trans-
mission behavior is also found when strip is wide enough
to interact strongly with the sidewalls.
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